Besides the role to generate a fluid flow in the surrounding medium, eukaryotic cilia have a crucial function in sensing external signals such as chemical or mechanical stimuli. A large body of work has shown that cilia are frequently found in various types of sensory cells and are closely related to many regulatory mechanisms in differentiation and development. However, we do not yet have a definitive answer to the fundamental question, "why cilia?" It has been a long-standing mystery why cells use cilia for sensing external signals. To shed light on this, we sought to describe the kinetics of signaling with theoretical approaches. Based on the results, here we propose a new role of cilia as a cell-signaling enhancer. The enhancing effect comes from restricted volume for the free intra-ciliary diffusion of molecules due to the cylindrical shape of cilia, which can facilitate quick accumulation of intracellular signaling molecules. Our simulations demonstrate that both the rate and amplitude of response in signal transduction depend on where the membrane receptors or channels are located along the ciliary shaft. In addition, the calculated transfer function of cilia regarded as a transmitter of external signals also suggests the properties of cilia as a signal enhancer. Since such unique composition of receptors and channels in cilia is found in various types of eukaryotic cells, signal enhancing is presumably one of the most essential and conserved roles of cilia.
Introduction
Cilia are found in various types of mammalian cells including sensory receptor cells such as hair cells in the inner ear, olfactory epithelial cells, and retina's cone/rod cells and function as the cell's antennae (reviewed in Basten & Giles 2013; Goetz & Anderson 2010) . In the case of mechanosensing, it is reasonable for sensory cells to be equipped with cilia, because having slender cell projections may be the most effective way to sense external mechanical stimuli by the external liquid flow or by the collision of other obstacles. On the other hand, it is not so easy to understand why cilia are responsible for other sensing mechanisms, in particular, chemosensing and signal transduction. It is often addressed that, as the "cell's antennae", cilia can efficiently receive chemicals above the cell surface (Marshall & Nonaka 2006; Singla & Reiter 2006; Ishikawa & Marshall 2011) . If this is the case, the longer and the more divergently branched structure of primary cilia would be more effective. However, primary cilia generally have short lengths and simple structure. Alternatively, cells may regulate the numbers of receptors or channels by regulating ciliary length so that cells can adjust sensitivity to extracellular signals in a similar manner to the "rheostat" of an electric circuit (Nigg & Raff 2009 ). This may be in part true but it is not clear whether cells can quickly respond to changes in the external environment in this way. Taken together, how cilia are responsible for sensory functions still has been a big mystery and it is interesting to expect an unknown physical principle that would be commonly underlying the sensing mechanisms of cilia.
Although there are the concepts described above, detailed and quantitative discussion has been difficult due to the lack of supporting experimental evidence. In this regard, we have provided quantitative and direct approaches to discuss molecular dynamics in cilia and flagella. In the series of work, we determined the intraflagellar diffusion rates using FRAP (fluorescence recovery after photobleaching) analysis and then, based on the determined values, we simulated diffusion properties inside sea urchin sperm flagella (Takao & Kamimura 2008 , 2010a . Interestingly, in the flagellum, FRAP rates were slower at the distal and faster at the proximal regions compared to the mid-region, which was new evidence indicating that the apparent diffusion rates varied depending on the sites along the flagellar shaft (Takao & Kamimura 2010b) . The subsequent computational analysis demonstrated that the variations of apparent diffusion rates came from the three-dimensional geometry of the sperm cell shape; a long slender cylinder that has a dead end on one side and is connected to a large globular head on the other side (Takao & Kamimura 2010b) . The results also suggested that the geometry of a primary cilium could affect dynamics of the molecules in a signaling pathway. These findings therefore prompted us to expand the computational analysis, together with parameters we obtained in the previous experiments, to investigate the diffusion properties of signaling molecules in ciliated cells. Here, we focus on how the site of signal inputs along the ciliary shaft affects the concentration changes of intracellular molecules, and thus how it modulates the kinetics of cell signaling.
Methods

Simulation model for the cell signaling dynamics
For theoretical approaches, we constructed a threedimensional model of a ciliated cell as shown in Figure 1 , similarly to our previous study (Takao & Kamimura 2010b) . All calculations were done using Mathematica (see Data S1 for the details). The cell body was regarded as a bulky three-dimensional body made of piled cubic segments. The cilium on the cell surface, on the other hand, was assumed to be a slender cell projection made of a series of linearly connected segments. We assumed that signaling molecules freely diffuse between the segments but the surfaces of each block facing the extracellular space were working as obstructing walls that completely block material diffusion. The cell body was regarded to have a much larger volume (~500 lm 3 ) compared to the volume of cilium (0.3-0.4 lm 3 ), based on the morphology of general animal cells with primary cilia (Besschetnova et al. 2010 ). In such a large space without constraint, molecules diffuse away and are diluted compared to the restricted space of the ciliary compartment. Thus, to simplify calculations, in our simulation model, the innermost segments in the cell body were approximately considered to have virtual boundaries that completely absorb all chemicals and have no efflux diffusion.
We simulated the diffusion and concentration changes in each segment when a certain fixed amount of signaling molecules was introduced to one of the segments along the cilium or on the cell body surface. The situation mimics, for example, the case when an extracellular stimulus activates a G-protein coupled receptor or opens an ion channel placed on the cell surface for a given time period. More precisely, the simulation model corresponds either to the following two cases; one is the production of intracellular second messengers triggered by activated membrane receptors beneath a small area of the cell surface (Boekhoff et al. 1990; Buck & Axel 1991) , and the other is the ion influx, such as Ca 2+ influx, from the extracellular space through activated ion channels (Beck & Uhl 1994; Huang et al. 2007 ). While we did not specify any signaling materials in this study, the assumptive signals are small ions or second messenger molecules that freely diffuse inside the cell including the ciliary compartment. We only simulated the diffusion of such molecules and chemical reactions in the signaling pathway were not considered. We used the diffusion coefficients of 60 lm 2 /s according to our previous study in sperm cells (Takao & Kamimura 2008 , 2010b . In the present model, we assumed that there was no diffusion barrier for such small signaling molecules at the boundary between the cilium and the cell body, as the boundary has been demonstrated to permit diffusional passage of small molecules (Calvert et al. 2010; Kee et al. 2012; Lin et al. 2013; Breslow et al. 2013) . The concentration of input and diffusing signals is a relative value and dimensionless.
Results
Kinetics of signaling depends on the site of signal input
We first calculated the on-and off-kinetics of signaling in each segment of the model cell. Here, the terms on-and off-kinetics were defined as the concentration changes of intracellular signals in response to input. When signaling molecules are continuously input into a segment for a given time period, the molecules immediately start diffusing into neighboring segments according to the diffusion rules defined in Figure 1 . To simulate the time course of the concentration changes in each segment, the numerical solutions of simultaneous differential equations were obtained (Data S1). Each segment was numbered from "5" to "À4" as shown in Figure 2A and typical examples of the simulated results are shown in Figure 2B ,C. Here, we assumed that the signaling molecules were continuously input into a given segment at the rate 100 ª 2017 Japanese Society of Developmental Biologists arbitrary unit per second and the time course of the concentration changes at the same segment was monitored (input segment = monitored segment). The concentration is a relative parameter and the monitored concentration is proportional to the input amplitude, for example, if the input amplitude doubles, the monitored concentration also doubles (data not shown). Therefore, in the model, we focus on how the input location affects response to the same amount of input, instead of discussing the absolute amount of signals. In addition, it should be noted that, in this study, we only consider the cases where signal is input to a single segment. In physiological conditions, signals are presumably input at every surface segment, particularly in the case where extracellular signals are abundant. Here, we theoretically discuss locationdependent response by simulating potential diffusion dynamics of signals.
Supplementary movies represent the time course of the concentration changes when the signals were introduced into the base (segment "1", Movie S1), mid (segment "3", Movie S2), and distal tip (segment "5", Movie S3) of the cilium, as well as the surface of the cell body (segment "À1", Movie S4). In the movies, the signal was continuously input for the first 5 s and then shut out for the subsequent 5 s.
Regardless of input sites, the concentration immediately increased as the signal input started and reached a maximum plateau that is defined by the rate balance between signal input and outward diffusion (Fig. 2B) . However, the maximum value, i.e., the amplitudes of response, clearly showed difference depending on where the signals were input. Compared to the amplitude of the response to signal input at the cell body (segment "À1"), the response amplitude was remarkably higher when signals were input at the cilium (segments "1"-"5"), particularly at the distal tip (segment "5") (Fig. 2B) . The simulation results would be reasonable as we can expect that rapid three-dimensional diffusion prevents the accumulation of signaling molecules in the cell body. In the cilium, in contrast, the geometric restriction of diffusion causes quick accumulation of materials and thus leads to the high amplitude of responses.
To discuss the rate of response, we calculated two types of response time, s 1/2 and s 0 . s 1/2 is the time required for the concentrations to cross the half-maximal values of each segment and s 0 is the time required for the concentration to cross a certain "absolute" threshold. For the threshold for s 0 , we used the half-maximum value obtained for the reference site in the surface of the cell body. For s 1/2 , the larger constants, thus the slower on-rates (inverse of s 1/2 ), were obtained in the ciliary segments compared to those in the cell body (Fig. 2C) . For s 0 , in contrast, the simulation showed quick onset in ciliary segments (Fig. 2D ). Since it is more likely that increase of the signaling molecule concentration above a certain threshold triggers the downstream pathways of signal transduction in the cell, using s 0 , instead of s 1/2 , would be appropriate to describe the actual on-rate of response. Our calculations, therefore, suggest that signal transduction pathways can be turned on more quickly by locating input sites (receptors and That quick on-rates derived from the cumulative effect of molecules in the cilium, on the other hand, results in the longer time course for the descending off-phase (Fig. 2E,F) . Thus, the signaling stimulation can be maintained for a longer time period. Similar calculations with finer grids (3 9 3 9 15 segments) reached the same kinetics (Fig. S1 ), verifying the results described above were not merely due to the simplified grid model of the cilium (1 9 1 9 5 segments). Convergence was also tested in terms of the time step for calculations of the differential equations. The time step did not impact the results when it was set to 10 times finer (0.001 s, data not shown). Therefore, the step size of 0.01 s used in this study was fine enough. Taken together, our simulation analyses demonstrate that locating a signal input site to the cilium results in quick and long-standing accumulation of the signal molecules at high concentration. Such effect of the signal accumulation due to the restricted intraciliary diffusion would provide the cilium a fundamental role as a "cell-signaling enhancer".
Characteristics of the cilium as a signal transmitter
To characterize the systematic response of the cilium as a signal transmitter, we calculated the transfer The assigned numbers are used to indicate the sites where signaling molecules are input. The input molecules immediately start diffusing into the neighboring segments depending on the cell geometry as defined in Figure 1. (B-F) Simulation results and quantification for the "on" (B-D) and "off" (E, F) time courses of concentration changes. Two distinct time constants, s 1/2 and s 0 , were calculated for the on time courses (C, D) and the time constant s 1/2 was calculated for the off time course (F). s 1/2 is the time required to cross the half maximal values of the concentration in each segment and s 0 is the time required to cross a threshold concentration, the half maximal value of the reference segment ("À1"). For the "on" time courses, signal input was continuously given to an indicated segment for 5 s and the monitored concentration for the first 2 s is shown (B). For the "off" time courses, the initial concentration at the monitored segment was set to 1 (arbitrary unit) and no subsequent input was introduced (E).
, Segment 5; , Segment 1; , Segment À1.
ª 2017 Japanese Society of Developmental Biologists functions of the cilium, G( jx). Figure 3A shows a schematic drawing to explain our analysis where the cilium is regarded as a signal transmitting device. Here, with the model described above (Fig. 1) , we assumed a typical situation where second messengers such as cAMP produced or Ca 2+ entering at the signal input site in the cilium diffuse into the cell body and trigger downstream reactions. We therefore set the segment just beneath the cilium (segment "0") as the readout site for the response to signal input (Fig. 3A) . The response function g(t) was obtained by simulating the time course of the concentration change upon a very short pulse of stimulus, d(t), given to a segment along the cilium (Fig. 3B) . For the input function d(t), we used a rectangular pulse with the amplitude of 100 (arbitrary units) and the duration of 0.01 s, as an approximation of Dirac's delta function. By fitting the obtained g(t) curve to an arbitrary summation of functions suited for Laplace-transform (in this case, in the form of atÁe bt + ctÁe dt , where a, b, c, and d are constants and e is the base of natural logarithms), we obtained G( jx) to describe of the ciliary response to various input frequencies (x), where j is the imaginary unit. The obtained response spectra are shown in Figure 3C -E (amplitude) and Figure S2 (phase). These analyses in principle describe characteristics of the cilium as a signal transmitter, particularly, the amplitude and phase delay of signal transmission in response to various frequencies of signal input. The conclusions are as follows. First, the response to input at the cell body surface (Fig. 3A , at the segment "À1") is quick with small amplitude. Despite the low gain, locating signal input sites into the surface of the cell body may take advantage of responding to a wide range of the input signal frequencies without delays. Second, the response to ciliary input is slow due to a time lag by diffusional translocation from the signal input site to the base of the cilium. However, the signal amplitude is large due to the prominent enhancing effect in a similar manner to the cumulative effect shown in the previous section. Third, therefore the magnitude of enhancing effect depends on the sites of signal input (Fig. 3C-E) . The base segment works as a quick enhancer. In the distal segments in the longer cilia, a prolonged larger response is expected, but the transmission rate is lower. Where to locate the input site along the ciliary shaft would be a kind of trade-off between advantages in the gain of signaling amplification and disadvantages in the time lag to transmit the signal to the cell body. For actual ciliated cells, therefore, it would be crucial to regulate the location of receptor machineries for signal transduction along cilia in order to achieve the appropriate balance of the rate and amplitude of responses.
Discussion
In this study, by simulating intra-ciliary diffusion of signaling molecules, we quantitatively described the detailed kinetics of the molecules. The results suggest a novel function of cilia as a cell-signaling enhancer. Because of the restricted rate of molecular diffusion inside cilia due to their slender shape, the ciliary targeting of receptors or ion channels results in the facilitated accumulation of signaling molecules and thus in the enhancement of signal transduction. Our simulation showed that quick onset (high 1/s 0 ) of signal transduction is possible when the input site is located in the cilium (Fig. 2B,D) . At the same time, however, the mechanism is shown to have disadvantage of the time lag to transmit signals into the cell body (Fig. 3) . If downstream signaling pathways include much slower steps such as the regulation of gene expression or protein synthesis, the slow transmission rates in the cilium would not matter so much, and rather, the advantage of signal amplification would be more dominant.
Given that the location of input can impact the efficiency of signal transduction, there could be characteristic localization patterns of receptors and channels along the ciliary shaft. However, in general, ciliary-targeted receptors and channels are uniformly distributed along the shaft. Although the analysis with single particle tracking visualized temporal accumulation of the hedgehog signaling receptor Smoothened at the ciliary base, this may merely reflect the gated entry process, instead of prolonged residence (Milenkovic et al. 2015) . On the other hand, a number of architectural components have been reported to predominantly localize around the proximal region of the cilium that is termed the transition zone (Czarnecki & Shah 2012; Garcia-Gonzalo & Reiter 2012; Szymanska & Johnson 2012) . Interestingly, among the transition zone proteins, NPHP1 and NPHP4 localize exactly to the proximal end of the cilium, while NPHP2 (also known as Inversin) and NPHP3 localize more distal to NPHP1 and NPHP4 (Shiba et al. 2010; Fukui et al. 2012 ). If we could assume that these proteins function as the scaffold for the signal-transducing machinery downstream to the input through the receptor or channel, then our model suggests that, by controlling the fine location of such signaling mechanisms along the ciliary shaft, cells can achieve the best balance between the magnitude of signal enhancing and the rate of signal transmission. The next important questions to be addressed in the future would be how to regulate the activity of intra-flagellar transport (Kozminski et al. 1995; Pazour & Bloodgood 2008) and how to anchor the signaling mechanisms along the ciliary shaft.
Our present analysis does not directly support or deny the antenna theory that stresses the main role of cilia as a cellular projection for the efficient trapping of extracellular signaling materials (Marshall & Nonaka 2006; Singla & Reiter 2006; Ishikawa & Marshall 2011) . Exact simulation of diffusion of extra-cellular materials such as hormones, cytokines, and growth factors would be required for the further precise appreciation of the antenna theory. Factors such as the flow and viscosity of the external fluid should be considered, in addition to the intracellular signal enhancing effect that we described here. The importance of the surface-tovolume ratio was also suggested so far (Kozminski et al. 1995; Marshall & Nonaka 2006; Singla & Reiter 2006) . Although this would be partially true, the geometric restriction of intra-ciliary diffusion can independently explain the roles of cilia in signal transduction. The enhancing effect by cilia may be more dominant in situations where the concentration of an extracellular ligand is extremely low.
In the case of mechanosensing by cilia (Kotsis et al. 2013; Praetorius 2015) , the deformation of cilia should be an important factor in addition to the diffusion properties of ions such as Ca 2+ through mechanoreceptor channels. In this regard, the previous simulation by ª 2017 Japanese Society of Developmental Biologists Chen et al. (2014) has demonstrated that the flowinduced passive deformation of sensory cilia can sufficiently stimulate signal pathways in the node of a mouse embryo (Chen et al. 2014) . Interestingly, it has been shown that the sensitivity of cells in response to fluid-shear stress positively correlated to the ciliary length (Upadhyay et al. 2014) . How these data can be integrated with our model is a subject to be discussed in the future. While mechanosensing by cilia has been a generally accepted idea, arguing against this is that ciliary-targeted GECO1.2, a genetically encoded calcium sensor, could not detect cilium-specific Ca 2+ influxes upon the application of a fluid flow (Delling et al. 2016) . As the conclusions in the work were based on negative results and the experimental conditions, particularly the dissociation constant of the indicator, differed from those in the previous experiments (Praetorius & Spring 2001; Nauli et al. 2003; McGrath et al. 2003) , further evidence is obviously needed to reach the definitive conclusions. In addition to quantitative analyses, comprehensive simulation including the molecular dynamics inside the cilium and the ciliary deformation would be one of feasible approaches to understand physiological significance of ciliummediated mechanosensing.
In conclusion, based on a simple physical model of diffusion under geometrical restriction, we proposed a novel ciliary function as a cell-signaling enhancer. Our model explains why cilia are crucial for the signal transduction in sensory cells. Ciliary-targeting of membrane components is related to signal transduction in many organisms (Pazour & Bloodgood 2008; Emmer et al. 2010) , suggesting that the enhancing mechanisms have been crucial for eukaryotes throughout the evolution. Cilia would have been first evolved as motile machinery for unicellular eukaryotes to swim in fluids, and subsequently have been evolved to take advantage of signaling enhancer. The mechanical stability and stiffness of cilia as cellular projections would have accelerated the evolution of cilia as a signaling center. Whether the motility of cilia is directly related to the signal enhancing effect and can modulate the rate of signaling is still an important question to be answered. The concept of the signaling enhancer that we proposed here will help further investigation for comprehensive understanding of physiological significance of cilia in signal transduction.
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Movies S1-S4. Animations showing the simulated concentration changes of molecules introduced at the ciliary base (Movie S1), mid (Movie S2), tip (Movie S3), or the cell body surface (Movie S4). The bar on the right indicates the pseudo color scale of concentration. The on-phase response for 5 s (continuous signal input) and the subsequent off-phase responses (termination of the signal input) were simulated. Fig. S1 . Simulation of the concentration changes in the cilium comprised of 3 9 3 9 15 girds. 
